Introduction
resulting dilated cardiomyopathy (DCM) [3, 4] . Nevertheless, recent studies have shown that Fas activation is Fas is a ubiquitous receptor belonging to the TNF / NGF involved not only in myocardial pathologies inflicted by superfamily, and is activated by Fas ligand (FasL), which immune effectors, but also in lymphocyte-independent may cause apoptosis in Fas-bearing cells [1] . Recent diseases such as ischemia / reperfusion injuries [5] [6] [7] . In studies suggest that in several important heart diseases, this regards, it was recently proposed that FasL can be such as myocarditis, ischemia and heart failure, Fas cleaved by a metalloprotease, to form soluble FasL activation results in apoptotic, as well as in non-apoptotic (sFasL), which can cause apoptosis in susceptible cells. effects, both contributing to cardiac dysfunction [2, 3] . The Therefore, sFasL, which may be secreted from the failing primary mediators affecting the heart by activating Fas, are heart and is elevated in patients with advanced congestive cytotoxic T lymphocytes (CTL), which contribute to heart heart failure [8] , is a potential contributor to apoptosis in diseases such as transplant rejection, myocarditis and the this wide-spread pathology.
The consequence of Fas activation in the normoxic heart is intriguing, since its engagement by CTL or by the rise, action potential alterations and arrhythmias, but not secondary antibody (Pierce, Rockford, IL, USA). After apoptosis [9] [10] [11] . Since apoptosis plays an important role washing, a drop of the mounting solution containing DAPI in a variety of diseases in which hypoxia is a key player (Vector Laboratories, Burlingame, CA, USA) was added to [12, 13] , we tested the hypothesis that hypoxia predisposes each slide. ventricular myocytes to Fas-mediated apoptosis by downregulating the expression of key antiapoptotic proteins 2.2.3. Immunohistochemical staining for Fas and ARTS and by upregulating proapoptotic proteins.
in ventricular sections of neonatal rat hearts Formalin fixed, paraffin embedded hearts were cut into 7-mm sections, and reaction performed according to a 2. Methods biotin-streptavidin-peroxidase technique using a Histostain Plus kit (Zymed). Anti-Fas mAb was used at 1:100 The present investigation conforms with the Guide for dilution in PBS, and an anti-ARTS mAb was used at 1:100 the Care and Use of Laboratory Animals published by the dilution in PBS. Negative controls treated with non-spe-US National Institutes of Health (NIH publication No.
cific immune serum were processed simultaneously. Sec-85-23, revised 1996).
tions were counterstained with hematoxylin, and representative sections photographed.
Cultured NRVM and Fas activation 2.2.4. Immunofluorescence staining for ARTS in adult
Experiments were performed on cultured neonatal rat rat ventricular myocytes ventricular myocytes (NRVM) 4-6 days after plating [14] .
Adult rat ventricular myocytes were prepared as previTo induce hypoxia, cultures were maintained for 22 h in a ously described for mice, with minor modifications [9] . A N -CO -O incubator (Tutenhauer, Jerusalem, Israel) drop of myocytes suspension was mounted on glass slides 2 2 2 adjusted to 1% O . Fas was activated by recombinant FasL and dried, followed by 30-min fixation with 4% parafor-2 (rFasL) (50 ng / ml) plus the enhancing antibody (1 mg / ml) maldehyde. Immunofluorescence staining for rabbit anti-(Alexis, San Diego, CA, USA), a combination causing Fas mAb and for anti-slow muscle b-myosin mAb was |100% apoptosis of A20B cells [15] . Drugs were added to performed as described earlier for cultured NRVM. the culture 30 min before exposure to rFasL.
Western blot analysis 2.2. Determining the expression of Fas and ARTS
Lysates were prepared from normoxic and hypoxic cultures, and protein concentration was determined by the 2.2.1.
Immunohistochemical staining for Fas in cultured
Bradford assay. A 50-mg sample of total cellular protein NRVM was loaded on 12% acrylamide gels, followed by electroCultures were fixed for 30 min with 4% paraformalphoretic transfer to nitrocellulose membranes (Micron dehyde, permeabilized by Triton X-100 and washed three Separation, Westboro, MA, USA), which were stained by times with phosphate buffered saline (PBS, pH 7.4).
Ponceau Concentrate (Sigma) to verify equal loading of Endogenous peroxidase activity was neutralized by a 20-protein. Membranes were blocked with 5% dry milk in min incubation with 3% H O in methanol, and then the DDW and Tween (0.05%). Subsequently, the membranes 2 2 cultures were washed three times in PBS. Cultures were were exposed to different antibodies (as described below) then incubated with mouse anti-Fas at 1:100 dilution, in 5% dry milk in DDW (0.05% Tween). Finally, the followed by incubation with biotinylated goat anti-mouse immune complexes were detected using the ECL detection IgG secondary antibody (Zymed, South San Francisco, system (Pierce) with a secondary antibody coupled to CA, USA) at 1:750 dilution, and streptavidine-peroxidase horseradish peroxidase, followed by autoradiography. conjugated. 3-Amino- 9-ethylcarbazol Fig. 1A) demonstrates that Fas mRNA is expressed in DAPI assay, which is a reliable and specific tool for cultured NRVM. (2) Immunohistochemical staining was detecting apoptosis in cultured myocytes [16, 17] . In some used to confirm Fas expression in NRVM. As depicted in experiments (Fig. 2) , apoptosis was also detected by the Fig. 1B The background apoptosis level in normoxic NRVM muscle b-myosin heavy chain were identified as apoptotic was determined by means of the two widely used assays: if they showed unequivocal positive TUNEL staining in DAPI and TUNEL [7, 16, 19] . As depicted in Fig. 2A , the nucleus.
whereas healthy myocytes display a large, sphere-like nucleus (stained in blue), the apoptotic nucleus appears 2.3.2. DAPI assay either fragmented (using DAPI), or is characterized by After b-myosin heavy chain staining, cultures were orange staining, resulting from the positive TUNEL recounterstained with DAPI to visualize nuclear morphology.
action with the fragmented DNA strands. Altogether, the Myocytes were scored as apoptotic if they exhibited background apoptosis levels in normoxic NRVM were unequivocal nuclear chromatin condensation and frag-2.5-5% (depending on the method used), in complete mentation.
agreement with previous reports [16, 19] . To determine the capability of Fas activation to cause apoptosis in normoxic level, indicating that normoxic myocytes are indeed resistained at 37 8C and stimulated at 1 Hz [9] . tant to Fas-mediated apoptosis. To ascertain that the apoptotic machinery is functional in normoxic NRVM, we 2.5. Chemicals measured (500 myocytes counted in two different cultures) the apoptosis level induced by 24-h exposure to 1 mM Unless otherwise indicated, chemicals were purchased staurosporine, which was .90%. from Sigma. Other agents purchased were: BHQ and xestospongin C (Calbiochem, La Jolla, CA, USA), 3.2. Apoptosis induced by Fas activation in hypoxic ryanodine (Alomone Labs, Jerusalem, Israel), U73122 and cultures U73343 (Biomole, Plymouth Meeting, PA, USA).
Next, we determined whether hypoxia predisposes 2.6. Statistical analysis NRVM to Fas-mediated apoptosis by means of the following protocol. Cultures were initially incubated for 22 h The results were expressed as the mean6S.E.M. The under hypoxic conditions (1% O ). Subsequently, the means of two populations were compared using Student's 2 cultures were returned to normoxic conditions for 7 h, in t-test for unpaired observations. the presence (rFasL) or absence (Control) of rFasL, and apoptosis measured thereafter. In agreement with previous 3. Results studies [20], we found that neither hypoxia alone nor hypoxia followed by normoxia were harmful to cultured 3.1. Fas expression in NRVM, and the effects of rFasL NRVM, which displayed spontaneous contractions and in normoxic cultures intact morphology. The major finding in these experiments was that in hypoxic cultures, rFasL increased the backAt the onset of this study, we ascertained by means of ground apoptosis level by |100%, compared to control blocked rFasL-induced apoptosis in NRVM (Fig. 2C) . with the Ca -ATPase inhibitor BHQ; and (3) volved in Fas-mediated apoptosis. As shown in Fig. 2D , conditions, Fas is functional, despite its unequivocal the following pharmacological interventions which interexpression. This critical issue was addressed by testing in arrhythmogenic activity [9] . Panel A in Fig. 3 representative traces of the fluorescence ratio recorded (Fig. 3B) . Hence, these findings clearly show that in from a control culture, a culture exposed to rFasL, rFasL1 normoxic myocytes Fas is responsive, and its activation U73122 or rFasL1U73343. Cultures were paced at 1 Hz, causes 1,4,5-IP -mediated functional disturbances. 
. The effects of hypoxia on Fas expression
in NRVM, phosphorylation of p38 MAPK (SB203580-As shown by the representative experiments (Fig. 4A) , inhibitable) occurs as an acute and rapid response to Fas expression detected by the immunofluorescence stainsimulated ischemia / reperfusion, and is responsible for the ing (represented by the bright green spots), was markedly consequential increase in Fas expression [22] . To test increased in the hypoxic culture (panel A2), as compared whether a similar mechanism is operative in our exto the normoxic culture (panel A1). These findings were perimental setting, we tested if hypoxia-induced increased repeated in normoxic and hypoxic cultures from three Fas expression is affected by inhibiting p38 MAPK with different litters. The increase in Fas expression by hypoxia, SB203580. In these experiments, NRVM were incubated as witnessed by the immunofluorescence detection, was with SB203580 (Sigma) for 22 h under normoxic or confirmed by Western blot analysis. As shown by the hypoxic conditions, and Fas expression determined by representative immunoblots (Fig. 4B) and by the quantitaWestern blot (Fig. 5) . As seen by the representative blots tive Western blot analysis (Fig. 4C) , hypoxia markedly (Fig. 5A) , in the presence of p38 MAPK blockade, hypoxia did not increase Fas expression, as compared to upregulain the adult rat heart. Next, we determined whether ARTS tion of Fas by hypoxia alone (Fig. 4) . Quantitative Western is modulated by hypoxia. As depicted by the representative blot analysis (Fig. 5B ) indeed demonstrates that SB203580 immunoblots (Fig. 7A ) and by the quantitative Western prevented hypoxia-induced increased Fas expression, in blot analysis (Fig. 7C) , in hypoxic myocytes, ARTS agreement with the effect of p38 MAPK blockade in expression was increased three-fold compared to normoxic NRVM exposed to ischemia / reperfusion [22] .
myocytes. The second important proapoptotic protein studied is FADD (Fas-associated death domain), a death 3.4.2. Effects of hypoxia on the proapoptotic proteins domain required to transmit the Fas-related apoptotic ARTS and FADD signal intracellularly [24] . As depicted in Figs. 7B and D, It was recently discovered that the proapoptotic protein hypoxia pronouncedly elevated FADD expression. Collec-ARTS (for apoptotic-related protein in the TGF-b sigtively, these findings suggest that the increase in ARTS naling pathway), which is expressed in many cell types, and FADD expression by hypoxia, contributes to the enhances cell death induced by TGF-b, and to a lesser potentiation of Fas-mediated apoptosis in hypoxic cultures. extent by other apoptotic stimuli. ARTS is a mitochondrial septin-like protein derived from alternative splicing of the 3.4.3. (Fig. 6C) , ARTS is also expressed in FADD following Fas activation, inhibits Fas-mediated adult rat ventricular myocytes. These findings indicate that apoptosis [24] . As shown by the representative immuno-ARTS is constitutively expressed in the neonatal as well as blots (Fig. 8A) , FLIP is highly expressed in normoxic ventricular myocytes to apoptosis caused by Fas activation, by shifting the balance between antiapoptotic and proapoptotic proteins towards the latter. In support of this hypothesis we found that: (1) Fas activation caused apoptosis in hypoxic, but not in normoxic myocytes; and (2) hypoxia markedly augmented the expression of Fas and that of the proapoptotic proteins FADD and ARTS, and diminished the expression of the antiapoptotic proteins FLIP and ARC.
Hypoxia predisposes NRVM to Fas-mediated apoptosis
In agreement with previous reports [10, 11] by Fas activation, a finding baring considerable relevance SB203580 (n54 litters). *P,0.02 hypoxia versus normoxia. Hypoxia1
to mechanisms underlying ischemic heart disease. In a SB and Normoxia1SB were not significantly different than normoxia. Equal protein loading is indicated by the size of the actin message.
related study Jeremias and coworkers [7] found that 6 h of ischemia simulated by glucose-and serum-free medium, O tension ,10%, increased cell death (myocytes death 2 myocytes. In agreement with our working hypothesis, was measured rather than apoptosis) caused by the anti-Fas hypoxia caused a 60% reduction in FLIP expression (Fig. mAb Jo2. Our own study and that of Jeremias are 8D), an effect that may increase the sensitivity of hypoxic dissimilar in three principle aspects: (1) the hypoxia used myocytes to Fas-induced apoptosis. Next, we determined in our study (1% O ) is different from the ischemic 2 the effect of hypoxia on ARC (an apoptosis repressor with protocol used by Jeremias' group; (2) in their study, at the a CARD) expression, a protein primarily expressed in end of the ischemia, 33% of the myocytes were already cardiac and skeletal muscle [25] . As presented in Figs. 8B dead, whereas in our study, hypoxia per se did not cause and E, hypoxia reduced ARC expression by .90%, apoptosis. In other words, it is likely that Jeremias' group rendering this antiapoptotic protein an excellent candidate tested the effect of Jo2 on progressively deteriorating that can contribute to the potentiation of Fas-mediated cultures, rather than apoptosis conditioned by hypoxia, as apoptosis by hypoxia. Finally, we determined the effect of was done in the present work; and (3) we have measured hypoxia on the antiapoptotic protein bcl-2, which can apoptosis only in b-myosin-stained cells (i.e. ventricular suppress apoptosis by several mechanisms such as direct myocytes), whereas Jeremias' group measured non-specific antioxidant effect, inhibition of the release of proapoptotic cell death. mitochondrial proteins and inhibition of the proapoptotic regulators bax and bak [2] . As shown in Figs. 8C and F, bcl-2 expression was unaffected by hypoxia.
Hypoxia alters the balance between antiapoptotic and proapoptotic proteins

Discussion
To explore the mechanisms underlying the principle finding that normoxic myocytes are resistant to Fas-meOur main aim was to test the hypothesis that hypoxia, a diated apoptosis, but hypoxic myocytes are not, we tested primary contributor to ischemic heart disease, predisposes the hypothesis that hypoxia shifts the balance between antiapoptotic protein and proapoptotic towards the latter. sion in cardiac myocytes following ischemia / reperfusion is As apoptosis is a complex process, chiefly regulated by the p38 MAPK-dependent [22] , we determined whether a fine balance between antiapoptotic and proapoptotic facsimilar mechanism is functioning in hypoxic cultured tors, it is conceivable that hypoxia will alter this equilib-NRVM. In agreement with the study of Stephanou and rium, and thus predispose the myocardium to Fas-mediated co-workers, we found that p38 MAPK blockade with apoptosis.
SB203580 prevented hypoxia-mediated increased Fas expression. This finding suggests that the effect of hypoxia on Fas expression is mediated by p38 MAP, which belongs 4.
Hypoxia upregulates Fas expression
to a large family of MAP kinases, extensively studied for By means of quantitative Western blot analysis, we their role in apoptosis [28] . In this regard, Yin and codemonstrated that hypoxia increased Fas expression in workers have shown that in the rabbit Langendorff heart NRVM, an effect which increases the responsiveness of preparation, ischemia and reperfusion caused a 3.5-and a hypoxic myocytes to Fas-mediated apoptosis. This finding 6.3-fold increase in p38 MAPK over the basal level, complements the report by Tanaka's group, who found a respectively [29] . Accordingly, SB203580 administration twofold increase in Fas mRNA in hypoxic NRVM [26] , before the ischemia caused a dose-dependent inhibition of and is in agreement with reports that Fas is upregulated in p38 MAPK and a .50% reduction in apoptosis. Hence, myocytes during hypoxia and ischemia [13, 27] , and in the present study as well as others call for a detailed volume-overload heart [11] , which is frequently associated investigation of the involvement of p38 MAPK in hypoxiawith heart failure, and possibly with apoptosis. Based on a induced increased expression of Fas and other proapoptotic recent study demonstrating that the increase in Fas expresproteins in ventricular myocytes. 
Hypoxia upregulates the expression of the
The second proapoptotic protein tested, FADD, was also proapoptotic proteins ARTS and FADD augmented by hypoxia. This protein actually links Fas The increased apoptotic response of hypoxic NRVM to activation and activation of the caspase family, by recruitFas activation can be accomplished not only by increasing ing and activating procaspase-8. Therefore, enhancement Fas expression, but also by augmenting the expression of of FADD expression by hypoxia is likely to contribute to important proapoptotic proteins. In accordance with this the increased susceptibility of hypoxic myocytes to Fasnotion, ARTS and FADD expression was increased by induced apoptosis. hypoxia. It was recently reported that ARTS, which is expressed in many cell types, is the first member of the 4.2.3. Hypoxia downregulates the expression of the septin family shown to localize to the mitochondria, or to antiapoptotic proteins FLIP and ARC play a role in apoptosis. The mitochondrial localization of
In agreement with our working hypothesis, we have ARTS and its mitochondrial-to-nuclear translocation durfound that hypoxia attenuated the expression of two key ing apoptosis suggest that ARTS represents yet another antiapoptotic proteins, FLIP and ARC, both regulating the key factor in the regulation of caspase activation and cell activity of caspase-8. In addition to this inhibitory mechadeath. Importantly, we demonstrate here for the first time nism, ARC suppresses apoptosis via a caspase-independent that in ventricular myocytes, ARTS resides in the Fas mechanism, by blocking cytochrome c release from the apoptotic pathway, and therefore its upregulation by mitochondria. In support of the present work, Ekhterae and hypoxia may contribute to myocyte apoptosis in ischemic co-workers have recently shown that ARC protein levels in heart disease. Hence, this finding calls for future studies in H9c2 myocardial cell line were decreased by hypoxia [25] , which the role of ARTS in ischemic heart disease as well and that overexpression of transfected ARC inhibited as in other myocardial pathologies will be investigated.
hypoxia-induced apoptosis in this cell line. The antiapop- totic protein FLIP, belonging to a class of death receptor apoptosis in human medial vascular smooth muscle cells inhibitors, identified first in viruses (vFLIPS), is a caspasefrom health coronary arteries [32] , and concluded that Fas 8 (FLICE)-like inhibitor. Similar to the DED constructs of sensitivity is determined not only by surface Fas exprescaspase-8, vFLIPs act as dominant negative inhibitors of sion, but also by the differential expression of Fas sig-FADD-mediated death. vFLIPs apparently operate by naling proteins below the receptor level. Specifically, Fascompeting for binding of the prodomains of caspase-8 or resistant cells showed reduced expression of FADD, Fas 10, thus blocking Fas-mediated apoptosis. Our finding that ligand, and caspase-3 and 7, and increased expression of hypoxia depressed FLIP expression is complemented by FLIP and c-IAP-1. two recent studies, emphasizing the contribution of decreased FLIP expression to myocyte apoptotic death: (1) 4.2.4. Apoptosis-inducing interventions that alter the Rasper and co-workers have shown that FLIP is reduced in balance between antiapoptotic and proapoptotic proteins cardiac infarcts after ischemia / reperfusion injury, whereas Several studies in related experimental models provide in the surrounding unaffected myocardium, abundant exevidence for the notion that apoptotic-inducing intervenpression of FLIP was measured [30] ; and (2) Imanishi and tions alter the balance between antiapoptotic and proapopco-workers demonstrated that whereas in normal cartotic proteins. For example, (1) Matsushita and co-workers diomyocytes from failing human hearts, FLIP mRNA and have shown that NFkB activation by hypoxia caused aortic protein were abundant, FLIP was absent in the TUNELendothelial cell death and apoptosis through the supprespositive (apoptotic) neonatal cardiac myocytes grafted into sion of bcl-2 [33] , and (2) exposure of adult rat myocyte to the injured hearts [31] .
H O , which simulates oxidative stress, stimulated the 2 2 The concept that Fas expression alone does not necesrapid translocation of the proapoptotic protein Bad to the sarily commit the cell to apoptosis (as shown in this work) mitochondria, which was followed by the subsequent was demonstrated in a variety of experimental systems.
degradation of Bad and bcl-2. H O , which is an apop- 2 2 For example, Chan and co-workers studied Fas-mediated tosis-inducing agent, caused the translocation of cyto-
